The health benefits of polyphenols such as stilbenes and flavonoids for humans are increasingly attracting attention. Resveratrol is a well-characterized naturally-occurring stilbene and potent anti-oxidant, which is used as food supplement and cosmetic ingredient. Several microorganisms including Corynebacterium glutamicum were engineered for resveratrol production from glucose. Based on the cultivation of a resveratrol-producing C. glutamicum strain in shake flasks, different strategies for improving production under controlled conditions at bioreactor scale were tested. To this end, different cultivation parameters including substrate concentration and operation modes (batch and fed-batch) were evaluated. Whereas the highest biomass concentration was observed during fed-batch fermentation, the maximum resveratrol production was achieved in batch mode. The maximal titer obtained was 12 mg L −1 of resveratrol without the addition of the fatty acid synthase inhibitor cerulenin, which was previously shown to be crucial for production with C. glutamicum. The specific growth rate during production seems to have a significant effect in resveratrol production and apparently low specific growth rates may redirect the metabolic bottleneck from p-coumaric acid formation to malonyl-CoA or ATP availability. We also show that high oxygen concentrations in the bioreactor negatively affected the obtained resveratrol titers with C. glutamicum, which is most likely due to the strong tendency of resveratrol to oxidize or oligomerize. Thus, up-scaling of the resveratrol production process is technically challenging and individual process parameters have to be optimized cautiously.
Introduction
Resveratrol (3,5,4′-trihydroxystilbene) is a well-characterized plantderived polyphenol, which is commonly used as a nutritional supplement and medicinal ingredient (Baur and Sinclair, 2006) . This compound from the stilbene family is present in berry fruits, such as grapes, blackberries, blueberries and raspberries (Kiselev, 2011) . The consumption of food rich in these compounds improves the anti-inflammatory and anti-oxidative stress response and can help to prevent cancer, obesity and chronic diseases, such as diabetes, neurodegenerative and cardiovascular diseases (Manach et al., 2004) . Due to the health-promoting properties, the demand for resveratrol is expected to further increase in the future. Nowadays, commercially available resveratrol is mostly obtained by extraction from plants, such as Polygonum cuspidatum (Lin et al., 2016) . However, this procedure has several drawbacks since the natural amount of resveratrol in plants varies depending on environmental and geographic conditions. In particular, stilbenes such as resveratrol are not produced constitutively, but their biosynthesis is often induced as metabolic response to infections (Bavaresco et al., 1997) . Also, the purification of individual polyphenols from plant material is technically challenging, as the natural concentrations are low and extracts typically contain a variety of chemically very similar polyphenolic compounds (Marienhagen and Bott, 2013) .
In contrast, biotechnological production of resveratrol by genetically engineered microorganisms represents a promising alternative to extraction from plants. In recent years, microbial resveratrol production was achieved in yeast and bacteria by the introduction of the heterologous pathway from plants and engineering of the microbial host metabolism towards increased production (Beekwilder et al., 2006; Li et al., 2015; Vos et al., 2015) . In the constructed strains, resveratrol is typically produced via three enzymatic steps starting from the aromatic amino acid l-tyrosine. The respective reactions are catalyzed by tyrosine ammonia lyase (TAL), 4-coumarate: CoA ligase (4CL) and stilbene synthase (STS) (Fig. 1) . The TAL non-oxidatively deaminates l-tyrosine to p-coumaric acid, which is then converted to the respective CoA thioester p-coumaroyl-CoA by 4CL. In the third step, three molecules of malonyl-CoA are condensed with one molecule of 4-coumaroyl-CoA by STS yielding one molecule of resveratrol. For microbial resveratrol production from glucose, the pentose phosphate pathway and the shikimate pathway were additionally engineered to provide sufficient amounts of the resveratrol precursor, l-tyrosine ( Fig. 1) (Vos et al., 2015) .
The first studies reported the use of Saccharomyces cerevisiae and Escherichia coli for microbial production of resveratrol. Often, the production depends on the addition of precursors, such as p-coumaric acid, l-phenylalanine or l-tyrosine, which renders the production processes expensive for industrial applications (Lim et al., 2011; Wu et al., 2013) . In addition, the fatty acid synthase inhibitor cerulenin is often added to ensure sufficient malonyl-CoA availability in the host organism (Lim et al., 2011; van Summeren-Wesenhagen and Marienhagen, 2015) . The very high price of cerulenin and the inhibition of growth resulting from the depletion of fatty acids are the main constraints for using cerulenin in large-scale fermentation of polyphenol-producing E. coli and S. cerevisiae strains.
Until today, also other organisms such as Corynebacterium glutamicum and Lactococcus lactis proved to be promising host organisms for resveratrol production (Donnez et al., 2009; Kallscheuer et al., 2016b) . C. glutamicum is of particular interest for such applications as it shows a pronounced resistance to aromatic compounds (Shen et al., 2012) . However, before C. glutamicum could be used for the production of resveratrol, a degradation pathway for the precursor p-coumaric acid in this organism had to be identified and abolished (Kallscheuer et al., 2016a,b) . The highest resveratrol titer reported with C. glutamicum in shake flasks so far is 158 mg L −1 , but the production still depended on the supplementation of p-coumaric acid and cerulenin (Kallscheuer et al., 2016b) . Additional strain engineering towards deregulation of the aromatic amino acids metabolism and an optimal connection of the heterologous pathways to the host metabolism enabled resveratrol production starting from glucose without any need for supplementation of precursor metabolites (Kallscheuer et al., 2016b) . Based on the previous results obtained with C. glutamicum in shake flasks, we here aim to develop different fermentation strategies to improve the production of resveratrol from glucose with this organism. Since growth and resveratrol production in defined cultivation medium occur simultaneously, different experimental conditions (operation mode, oxygen supply and substrate concentration) were optimized in order to evaluate their impact on the resveratrol production capabilities of the engineered C. glutamicum strain.
Experimental procedures

Bacterial strains, media and growth conditions
The resveratrol-producing strain C. glutamicum DelAro 4 pMKEx2_sts Ah _4cl Pc pEKEx3_aroH Ec _tal Fj (Kallscheuer et al., 2016b) was cultivated aerobically at 30°C in Brain Heart Infusion (BHI) medium (only for precultures) or defined CGXII medium with glucose as sole carbon and energy source (Keilhauer et al., 1993 ) and spectinomycin (100 mg L −1 ) were added to the medium. In the fermenter experiments, urea and MOPS were omitted as the pH was automatically controlled. Corynebacterium glutamicum was cultivated for 8-10 h in a 500 mL baffled Erlenmeyer flask containing 50 mL of BHI medium on a rotary shaker at 200 rpm (first preculture) and was subsequently inoculated into 100 mL CGXII medium in 1 L baffled Erlenmeyer flasks (second preculture). The starting OD 600 for the second preculture was 1. . In the beginning of fed-batch and after 24 h of growth, concentrated solutions with 2.5 g L −1 MgSO 4 and 100 mg L −1 CaCl 2 were added to the fermenter in order to restore the concentration of both reagents in the fermentation medium. The feeding rate was increased stepwise based on the exponential feeding strategy defined by Eq. (1), where F(t) is the flow rate of the feeding solution, μ the biomass specific growth rate (h
), Y X/S the yield of biomass on substrate (g cell dry weight per g glucose), X the biomass concentration (g L −1 ), V the working volume (L) and S the substrate concentration in the feeding solution (g L −1 ).
A constant value of 0.4 was used for Y X/S , which represents an approximation for the biomass yield, while the desired specific growth rates tested were 0.03 
Sampling and analytical methods
Samples from the bioreactor were taken at regular intervals for the analysis of biomass concentration, glucose consumption and p-coumaric acid and resveratrol production. Biomass concentration was determined by measuring the optical densities of the cell cultures at a wavelength of 600 nm (OD 600 ). The obtained values were converted to biomass dry weight using a calibration procedure. High-performance liquid chromatography for the quantification of glucose was performed in a JASCO system using a refractive index detector (RI-2031). The samples were analysed using an Aminex HPX-87H column from Bio-Rad, which was kept at 60°C; 10 mM H 2 SO 4 was used as mobile phase with a flow rate of 0.5 mL min −1
. Quantitative analysis of glucose was performed by injecting standards with known concentrations. The calibration curve was calculated using the peak areas of the RI detector for glucose.
For the quantification of p-coumaric acid and resveratrol, metabolite extracts from the cultivation broth were prepared according to Kallscheuer et al. (2016b) with some modifications. 1 mL of the culture broth, acidified at pH 2 with 6 M HCl, was mixed with 1 mL ethyl acetate and vigorously shaked for 2 min at room temperature. The suspension was centrifuged for 5 min at 8.000g and the ethyl acetate layer (600 μL) was transferred to a solvent-resistant tube. After evaporation of the ethyl acetate overnight, dried extracts were resuspended in 100 μL of acetonitrile and directly used for ultra-high-performance liquid chromatography (UHPLC) analysis. Resveratrol and p-coumaric acid in the extracted samples were quantified using a SHIMADZU UHPLC system equipped with a diode array detector (SPD-M20A). LC separation was carried out with a Kinetex 1.7 u C 18 100 Å pore size column (50 mm by 2.1 mm [internal diameter]; Phenomenex) at 50°C. For elution, 0.1% (v/v) acetic acid (solvent A) and acetonitrile supplemented with 0.1% (v/v) acetic acid (solvent B) were applied as the mobile phases at a flow rate of 0.5 mL min −1
. A gradient was used, where the amount of solvent B was increased stepwise: minute 0-6: 10% to 30%, minute 6-7: 30% to 50%, minute 7-8: 50% to 100% and minute 8-8.5: 100% to 10%. Obtained area values were linear up to metabolite concentrations of at least 250 mg L −1 .
Results and discussion
Batch fermentation with 40 g L
pMKEx2_sts Ah _4cl Pc pEKEx3_aroH Ec _tal Fj used here was shown to produce resveratrol from glucose in shaking flasks (Kallscheuer et al., 2016b) , but the strain was never cultivated under controlled conditions in a bioreactor before. During the cultivation in batch mode with an initial glucose concentration of 40 g L −1
, the strain reached a maximum biomass concentration of 18 g L −1 after 23 h and grew with a maximum specific growth rate of 0.23 h −1 (Fig. 2A) . Under these conditions Y X/S was 0.45 (g cell dry weight per g glucose), which is in agreement with published data for this bacterium (Buchholz et al., 2013) . IPTG was supplemented to the fermenter five hours after inoculation to induce heterologous gene expression required for resveratrol production. An increase in the resveratrol titer was observed during the exponential growth phase and no further increase was achieved during the stationary phase. The highest titer of 4 mg L −1 resveratrol was obtained 27 h after inoculation (Fig. 2B) . Production of resveratrol requires three molecules of malonyl-CoA per molecule of p-coumaryl-CoA (Fig. 1) . In C. glutamicum, malonyl-CoA is exclusively provided for the synthesis of fatty acids, which in turn are required for cell wall and cell membrane synthesis. Typically, malonyl-CoA synthesis decreases in the stationary phase (as fatty acids are predominately required during growth) (Larisch et al., 2007) , which explains why the production of resveratrol did not continue. At this stage, p-coumaric acid is no longer consumed for resveratrol production, which results in the accumulation of 1 mg L −1 pcoumaric acid in the last 15 h of cultivation (Fig. 2B) . No p-coumaric acid accumulated in the exponential phase, which is a hint that this intermediate might represent the rate-limiting metabolite at this stage of production. This observation is in line with the previous finding that the activity of the tyrosine ammonia lyase represents the decisive bottleneck in the production pathway for resveratrol from glucose in C. glutamicum (Kallscheuer et al., 2016b) .
Resveratrol production in C. glutamicum occurred simultaneously to biomass formation. In the late exponential phase, cell growth started to decelerate as a result of resource depletion in the medium. For an optimized resveratrol production two different strategies were tested in order to prolong the exponential growth phase. These include batch fermentation with a higher initial glucose concentration and fed-batch fermentation starting from 40 g L −1 glucose and continuous feeding of glucose and a nitrogen source.
Batch fermentation with 80 g L −1 glucose
The effect of increasing the initial glucose concentration was studied by carrying out batch fermentations under the previously described conditions but with a higher initial glucose concentration of 80 g L . In order to maintain the carbon to nitrogen ratio (C:N) around 9, the concentration of (NH 4 ) 2 SO 4 was also proportionally increased in these experiments. A maximum biomass concentration of 37 g L −1 was obtained in CGXII medium with an initial concentration of 80 g L −1 glucose 37 h after inoculation (Fig. 2C) , which is twice as high as in the batch fermentation with 40 g L −1 glucose. The cells grew with a maximum specific growth rate of 0.17 h −1 , but an extended lag phase of around 8 h was observed when starting with 80 g L −1 glucose. Glucose was completely depleted after 32 h. Under these conditions the biomass yield was 0.46 (g cell dry weight per g glucose), which is comparable to the value obtained for the batch cultivation with 40 g L −1 glucose.
After 37 h a maximal resveratrol concentration of 12 mg L −1 was observed, which is 3-fold higher compared to the batch cultivation with 40 g L −1 glucose (Fig. 2D) . Obviously, the resveratrol titer is higher as more glucose was added to the medium. However, the yield (in mg resveratrol per g glucose) of 0.15 (batch with 80 g L −1 glucose) was also slightly higher than the yield of 0.10 obtained for the batch fermentation with 40 g L −1 glucose. p-Coumaric acid did not significantly accumulate under these conditions (0.48 mg L
−1
).
Fed-batch fermentation
Fed-batch cultivation represents the most common technique for achieving a high specific productivity while avoiding oxygen limitation or substrate inhibition. Exponential feeding profiles are usually set to keep the cells growing at a fixed specific growth rate, often close to the maximum specific growth rate of the production strain. By maintaining dissolved oxygen above critical concentrations, the formation of byproducts is avoided. On the other hand, a constant feed of fresh substrate prevents starvation (Looser et al., 2014) .
Under anaerobic or microaerobic conditions, C. glutamicum produces organic acids (Wieschalka et al., 2013) . The goal of the fed-batch strategy is to maximize the amount of glucose fed, and consequently maximize biomass/product formation, while assuring an aerobic metabolism. The growth rate selected for the feeding calculation should be equal to or lower than the maximum value obtained in batch experiments, in order to avoid glucose accumulation. Based on the previous results, a fed-batch strategy with an initial glucose concentration in the batch phase of 40 g L −1 was followed to avoid anaerobic metabolism.
Results from the batch experiments showed that after 14 h of fermentation, the glucose and biomass concentrations were 15 g L −1 and
, respectively. These were the conditions at which the feeding process was initiated. The feeding profile was defined based on the typical equation for exponential feeding (Eq. (1)) assuming a yield and specific growth rate similar to the ones obtained during the batch fermentations.
When the feeding in the fed-batch cultivation was started the biomass concentration increased exponentially for all the conditions tested (Fig. 3A) , as the substrate was fed to the system. Thereafter, the biomass concentration did not increase and the glucose concentration began to build up in the culture medium (Fig. 3B) . The amount of glucose fed to the bioreactor was higher than C. glutamicum could consume, even at lower feeding rates. Probably, other nutrients were limiting cell growth after this point. Fed-batch fermentation led to reasonably higher cell densities when compared to the batch results, while avoiding oxygen limitation. Previous results showed that maintaining an oxygen concentration higher than 30% in these bioreactors was necessary to guarantee an aerobic metabolism without the formation of organic acids (Oliveira et al., 2015) . The production of organic acids (mainly lactate and succinate) was measured in all experimental conditions tested and was lower than 1.5 g L −1
. A biomass concentration of 65 g L −1 could be achieved after 34 h of cultivation (Fig. 3A) , in the experiments with a feeding rate F C . The amount of biomass obtained was 3.6-times higher than in batch cultivations with 40 g L −1 glucose and even 1.8-times higher when compared to a batch culture with 80 g L −1 glucose. Feeding rate F C proved to be the feeding rate that maximised both biomass and resveratrol concentrations. Feeding rate F D proved to be too high and the higher dilution rate caused by these conditions led to a decrease in the final product concentrations. Despite the higher biomass production in the fed-batch fermentations, the highest resveratrol titer was only 7 mg L −1 , for the experiment with a feeding rate F C (Fig. 3D) . The respective yield of 0.04 (mg resveratrol per g glucose) was much lower compared to the batch Fig. 2 . Cell growth and resveratrol production with engineered C. glutamicum in batch experiments. A and C: biomass concentration and glucose consumption profile, B and D: resveratrol and p-coumaric acid concentrations. Data represent average values and standard deviation of two independent experiments. If no error bars are visible, the standard deviations were too small to be displayed. fermentations. In fact, the resveratrol production from glucose is a growth-coupled process and, for that reason, the yield was expected to be strongly correlated with the length of the growth phase. In batch experiments with a higher glucose concentration, cells grew at a lower specific growth rate when compared with the experiment performed at 40 g L −1
, extending the exponential growth phase. These process conditions resulted in higher titers and yields. In the fed-batch experiments cells grew at an even lower specific growth rate and the overall glucose amount added was higher. Therefore, it is surprising that the resveratrol production is lower in the fed-batch fermentation mode. Probably, other effects influence the production of resveratrol during cultivation in fed-batch mode. One factor could be the specific growth rate value itself that, being too low, would decrease the malonyl-CoA pools, decreasing the fraction of the carbon flow directed towards resveratrol production. Another alternative explanation could be related to the energetic state of the cell that is expectedly different at different specific growth rates. At a lower specific growth rate the ATP maintenance becomes relatively more important in the cells, decreasing the energy that would be available for resveratrol production (Vos et al., 2015) . In this scenario, we could speculate that there could be an optimum specific growth rate for resveratrol production below and above which product yields are affected.
At the end of the fed-batch fermentations, around 0.3 mg L −1 of pcoumaric acid accumulated in the exponential phase, for all the feeding rates tested (Fig. 3C ). This observation reinforces the idea that the activity of the TAL enzyme is the controlling mechanism in the production pathway for trans-resveratrol in C. glutamicum (Kallscheuer et al., 2016b) .
High oxygen concentrations cause conversion of resveratrol during bioreactor cultivations
To our surprise, we noticed that the resveratrol concentration decreased significantly after reaching a maximum product concentration ( Fig. 2B and D) . A decrease of 15-20% of the maximal resveratrol titer was observed during the stationary phase. This phenomenon did not occur during shake flask cultivations of the same strain before (data not shown) and was not so much visible during the batch cultivations with 80 g L −1 because these experiments were not kept for long enough in the stationary phase. In the platform strain C. glutamicum DelAro 4 the genes coding for enzymes involved in the degradation of aromatic compounds are deleted, therefore any unspecific degradation by the host strain can be excluded. Instead, it is likely that a higher dissolved oxygen concentration in the bioreactor in this phase leads to product conversion. Previously, it could be shown that the resveratrol stability in solution is affected by high oxygen concentrations and light, as these factors can cause oxidation or multimerization of resveratrol which is related to its natural function as antioxidative compound (LucasAbellán et al., 2007; Trošt et al.,2009) . For further analysis of this phenomenon, we checked if product conversion is more pronounced in presence of higher resveratrol titers. To this end, the production strain was cultivated in CGXII medium with 80 g L −1 glucose and 5 mM (0.82 g L −1
) p-coumaric acid in the bioreactor. Under these conditions the strain reached a biomass concentration of 40 g L −1 (Fig. 4A ) and produced 30 mg L −1 resveratrol after 30 h of cultivation (Fig. 4B) . During the transition from the exponential phase to the stationary phase the dissolved oxygen concentration increased from 30% to 96% of saturation (Fig. 4B) . Until the end of the experiment, 50 h after inoculation, the resveratrol titer dropped to 8 mg L −1
, which is a decrease of 75% compared to the maximal titer (Fig. 4B) . In a two-stage cultivation (aerobic exponential phase and anaerobic stationary phase) a very similar biomass concentration (Fig. 4C) and a maximal resveratrol concentration of 25 mg L −1 was reached after 30 h and more than 20 mg L −1 resveratrol could be still detected at the end of the cultivation (Fig. 4D) . This experiment shows that high oxygen concentrations in the bioreactor are detrimental to the production of resveratrol. Until now, we were unable to detect any oxidation product of resveratrol and thus no additional information on the fate of resveratrol in the bioreactor can be provided at this stage. It is likely that the product is either an oxidation product or a resveratrol oligomer (Cichewicz et al., 2002; Yang et al., 2010) . We therefore assume that the observed decrease of the resveratrol concentration is indeed the result of spontaneous non-enzymatic conversion of resveratrol in the aerated fermenter and that the relatively high oxygen levels needed for cell growth can have a strong negative impact on the obtained resveratrol titers (maximal titer 30 mg L −1 dropped to 8 mg L −1 at the end of the cultivation). Thus, the determined product titers may not be a true reflection of the amount of with an aerobic exponential phase and an aerobic stationary phase (A, B) or with an aerobic exponential phase and anaerobic conditions in the stationary phase (C, D). In figure D the dashed line indicates the start of nitrogen injection, which is the shifting moment between aerobic and anaerobic phases. Data represent average values and standard deviation of two independent experiments. If no error bars are visible, the standard deviations were too small to be displayed.
resveratrol actually produced and this effect can be more pronounced in prolonged fermentations with high oxygen levels.
Conclusions and outlook
The obtained results show that there is a lot of potential to further improve resveratrol production with this C. glutamicum strain. An optimization of the resveratrol production in C. glutamicum should be performed from two different perspectives: (I) rational metabolic engineering of the host strain to improve the production capabilities (genetic engineering part) and (II) a detailed analysis and cautious optimization of the cultivation parameters. Strain engineering should address the current bottlenecks for production, which mainly refers to the low intracellular pool of malonyl-CoA and the insufficient TAL activity. For up-scaling of the production process, the oxygen-dependent conversion of resveratrol has to be avoided by choosing suitable process parameters. Furthermore, the effect of the specific growth rate in resveratrol accumulation should be further investigated. The combination of optimization efforts in both fields represents a necessary step towards an economically feasible production of resveratrol with C. glutamicum. We are currently addressing both strategies (strain construction and process optimization) in order to improve the production of resveratrol and other polyphenols based on the industrially relevant C. glutamicum.
